ABSTRACf. In the fetus, normal lung growth requires both fetal breathing movements (FBM) and adequate pulmonary blood flow. We postulated that FBM intermittently increase pulmonary blood flow and may stimulate lung growth through that effect. To test the hypothesis that normal intermittent FBM cause associated intermittent increases in pulmonary blood flow, we studied eight chronically instrumented fetal sheep (gestational ages 125-143 d) on 34 occasions (total study time = 65.7 h). Each fetus had a cuff electromagnetic flow transducer around the left pulmonary artery, electrocortical electrodes, and catheters in the trachea, main pulmonary artery, carotid artery, and amniotic cavity. Mean blood flow though the left pulmonary artery averaged 59 ± 8 mL/min (mean ± SEM; per kg: 25 ± 4 mL/kg/min) and was similar in both the presence (61 ± 9 mL/min) and absence (57 ± 7 mL/min) of FBM and during both high and low voltage electrocortical activity. In contrast, in utero phasic pulmonary blood flow varied with FBM, increasing during the inspiratory phase and decreasing during the expiratory phase. Both pulmonary and systemic vascular pressures showed changes in the opposite directions. Arterial pH and blood gas tensions were normal and did not change with FBM or electrocortical activity. We conclude that FBM do not increase mean blood flow through the left pulmonary artery; thus, it is unlikely that FBM stimulate lung growth through changes in pulmonary blood flow. (Pediatr Res 35:484-489,1994) an adequate amount of blood flow to the lungs. The absence of FBM results in pulmonary hypoplasia (1-4). Changes in blood flow to an organ are also known to affect its subsequent growth; ligation of the left pulmonary artery in fetal sheep significantly decreases ipsilateral lung growth (5). Previous studies in stressed fetal lambs indicate that FBM and pulmonary blood flow may be interrelated; hypoxia decreases both FBM (6, 7) and pulmonary blood flow (8, 9). In contrast , during respiratory acidosis, both FBM and pulmonary blood flow are increased (10-13).
ABSTRACf. In the fetus, normal lung growth requires both fetal breathing movements (FBM) and adequate pulmonary blood flow. We postulated that FBM intermittently increase pulmonary blood flow and may stimulate lung growth through that effect. To test the hypothesis that normal intermittent FBM cause associated intermittent increases in pulmonary blood flow, we studied eight chronically instrumented fetal sheep (gestational ages 125-143 d) on 34 occasions (total study time = 65.7 h). Each fetus had a cuff electromagnetic flow transducer around the left pulmonary artery, electrocortical electrodes, and catheters in the trachea, main pulmonary artery, carotid artery, and amniotic cavity. Mean blood flow though the left pulmonary artery averaged 59 ± 8 mL/min (mean ± SEM; per kg: 25 ± 4 mL/kg/min) and was similar in both the presence (61 ± 9 mL/min) and absence (57 ± 7 mL/min) of FBM and during both high and low voltage electrocortical activity. In contrast, in utero phasic pulmonary blood flow varied with FBM, increasing during the inspiratory phase and decreasing during the expiratory phase. Both pulmonary and systemic vascular pressures showed changes in the opposite directions. Arterial pH and blood gas tensions were normal and did not change with FBM or electrocortical activity. We conclude that FBM do not increase mean blood flow through the left pulmonary artery; thus, it is unlikely that FBM stimulate lung growth through changes in pulmonary blood flow. (Pediatr Res 35: [484] [485] [486] [487] [488] [489] 1994) an adequate amount of blood flow to the lungs. The absence of FBM results in pulmonary hypoplasia (1-4). Changes in blood flow to an organ are also known to affect its subsequent growth; ligation of the left pulmonary artery in fetal sheep significantly decreases ipsilateral lung growth (5) . Previous studies in stressed fetal lambs indicate that FBM and pulmonary blood flow may be interrelated; hypoxia decreases both FBM (6, 7) and pulmonary blood flow (8, 9) . In contrast , during respiratory acidosis, both FBM and pulmonary blood flow are increased (10) (11) (12) (13) .
Postnatally, breathing affects pulmonary blood flow; the inspiratory phase causes an increase in venous return and a subsequent increase in pulmonary blood flow (14) . However, it is not clear whether this relationship is similar in utero during normal FBM and how these FBM affect overall pulmonary blood flow. Therefore, the purpose of this study was to evaluate the possible interrelationships of two factors known to be essential for fetal lung growth, namely, FBM and pulmonary blood flow. We hypothesized that normal intermittent FBM cause associated intermittent increases in pulmonary blood flow. To test this hypothesis, we studied the relationships of spontaneously occurring FBM and pulmonary blood flow under normal conditions using chronically instrumented fetal sheep in which an electromagnetic flow transducer had been placed around the left pulmonary artery.
MATERIALS AND METHODS
In the fetus, nonnallung growth is dependent on several factors including (1) FBM ofnonnal incidence and amplitude, and (2) We studied eight fetal sheep that were products of Western Breed ewes mated with Blackfaced rams. All studies were approved by the Committee on Animal Research of the University of California, San Francisco.
Surgicalpreparation. We operated on the fetuses at gestational ages of 124 to 129 d; term is 145 to 150 d. After a fast of 24 h, the ewe was sedated with ketamine (10 mg/kg) and the ewe and fetus were then given general anesthesia with I% halothane in oxygen. During the operative procedure, the ewe was mechanically ventilated through an endotracheal tube using a Harvard animal respirator (Harvard Apparatus Co., Dover, MA). Using sterile technique, we exposed the fetal upper body through a midline abdominal hysterotomy. Through an incision in the fetal neck, we inserted polyvinyl catheters (10 0.04 inches, length 100 em) into a carotid artery and into the trachea 3 em below the thyroid cartilage. The neck incision was then closed.
Through an incision in the left fourth intercostal space, we exposed the main and left pulmonary arteries. A cuff electromagnetic flow transducer (3.5 to 4.5 mm ; C and C Instruments, Culver City, CA; or Statham Instruments, Oxnard, CA) was fitted around the left pulmonary artery; the transducer caused a mild constriction of no more than 10% of the diameter of the left pulmonary artery. The position of the flow transducer was stabilized by suturing the cable to a rib and the chest wall. A short catheter (Angiocath, 20-gauge, Becton-Dickinson, Rutherford, NJ) was inserted into the main pulmonary artery and 484 Abbreviations ECoG, electrocortical activity FBM, fetal breathing movement HV.ECoG, high-voltage electrocortical activity LV·ECoG, low-voltage electrocortical activity QLPA, blood flow to left pulmonary artery 485 sutured in place; the end of this catheter was firmly attached to a polyvinyl catheter (10 0.04 inches, length 100 em) with cyclohexanone. The fetal chest was then sutured closed in layers.
Biparietal stainless steel electrodes were placed on the dura and secured as previously described (15) . A fluid-filled, balloontipped catheter (10 0.06 inches, length 100 cm) was inserted into the amniotic cavity. The catheters, the cables from the flow transducer, and the dural electrodes were exteriorized through an incision in the ewe's flank and sutured to the skin of the flank. The catheters were filled with a solution of sodium chloride (154 mmol/L), heparin (10000 U/L), and ampicillin (1 gil). After recovery from anesthesia, the ewe was placed in a metabolic cage and fed ad libitum. She was given daily intramuscular injections of penicillin (I million U) and streptomycin (1.25 g) for the first 5 postoperative d.
Measurements. Fetal systemic and pulmonary arterial blood pressures were measured via the catheters in the carotid artery and the main pulmonary artery, respectively. The tracheal pressure tracing was used to record FBM; artifacts were identified by comparison of tracheal pressure with amniotic pressure. In this study, FBM refer only to multiple (1-4 Hz), rapid negative deflections in tracheal pressure greater than 2 mm Hg in amplitude and lasting at least 20 s, as previously defined by others (16) . Infrequent (less than 4/min), isolated negative pressure deflections (gasps) were not included in the analysis. Pressures were measured using P23Db transducers (Statham Instruments, Hato Ray, PR) positioned at the level of the maternal midabdomen; all pressures were referenced to amniotic pressure. Fetal ECoG was measured from the dural electrodes using a 7P5 preamplifier (Grass Instruments, Quincy, MA). ECoG was considered to be low in voltage when it was less than 40~V (17) and was considered high in voltage when it was greater than 40~V. The ECoG was filtered with the low frequencies reduced to 112 amplitude at I Hz; high frequencies were not filtered. The actual frequencies of the ECoG signal were not measured; ECoG was differentiated on the basis of amplitude.
QLPA was measured by connecting the flow transducer to a flow meter (SP2202, Statham Instruments, Oxnard, CAl. Before the operative procedures, the flow transducers and flow meter were calibrated in vitro using directly measured flows of saline solution (154 mmol/L); output was linear for flows between 20 and 300 mL/min. Electronic zero flow was frequently checked during the study and the baseline showed little drift; full-scale deflection was 320 mL/min. All pressures, pulmonary blood flow, and ECoG were recorded on a recorder (model 7 polygraph, Grass Instruments) at a paper speed of 15 ern/min. To evaluate individual wave forms, the paper speed was increased to 150 em/min. Mean values for blood pressure and pulmonary blood flow were obtained by electrical integration; fetal heart rate was counted from the arterial pressure tracing.
Blood samples from the carotid arterial catheter were used for measurement of pH and blood gas tensions; the samples were placed on ice immediately and analyzed within 15 min on a blood gas analyzer (Corning Medical, Medfield, MA) after correcting for an assumed fetal temperature of 39°C.
Experimental procedures. We studied the eight fetal sheep on 34 occasions (gestational ages 125 to 143 d, estimated fetal weight 1.35 to 4.44 kg), from 2 to 18 d after the operative procedure to allow recovery from surgery, for a total study time of 65.7 h. Duration of each study period ranged from 0.8 to 4.0 h. Each fetus was studied on at least two separate occasions and up to seven times in one fetus. During the studies, we continuously recorded systemic and pulmonary arterial blood pressures, heart rate, tracheal pressure, amniotic pressure, ECoG, and phasic and mean flow through the left pulmonary artery. Arterial blood samples for measurement of pH and blood gas tensions were obtained intermittently during the presence and absence ofFBM and during LV-ECoG and HV-ECoG. The studies were repeated at frequent intervals until the ewe went into labor or the fetus died. After completion of the studies, the fetus and ewe were killed with separate injections of barbiturate. The fetus was weighed and examined to verify the positions of the catheters and flow transducer. At postmortem examination, the flow transducer and the tracheal and vascular catheters were confirmed to be in proper position in all fetuses. There was no fibrosis or constriction of the pulmonary artery present at autopsy for any fetus.
Analysisofdata. For each study day, mean blood flow to the left lung (mean QLPA) was manually measured from the continuous recording of the left pulmonary artery blood flow every 60 s of the study period according to the markings on the paper. FBM occur only during LV-ECoG; therefore, we separated the values for mean QLPA into three categories: J) LV-ECoG with FBM, 2) LV-ECoG without FBM, and 3) HV-ECoG (no FBM). Because the fetal weight and possibly fetal pulmonary blood flow increases as gestational age advances (9) , the data were also corrected for estimated fetal weight to pool the data. The estimated fetal weights for each day of study were extrapolated from the data of Barcroft after drawing growth curves at different percentiles from the data (18) . Using the known fetal weight and gestational age on the day of autopsy, the fetal weight at the day of study was then estimated from the percentile growth curve that correlated to the fetal weight at autopsy for that gestational age. For each individual study, the average and ranges of mean QLPA (both as mL/min and as mL/kg of estimated fetal weight/ min) were calculated for each of these three categories, as well as for the total study that day. The heart rate and systemic and pulmonary blood pressures were also evaluated according to these three categories. Data were collected in each category for each fetal study.
Blood flow data from each fetus, as mL/min, and after correction for estimated fetal weight (mL/kg/min) were analyzed for an effect of gestational age by regression analysis; overall, none was seen. Therefore, data from all studies for each fetus were pooled and an average value of mean QLPA for each fetus was calculated for each of the three categories and for the entire study to adjust for the unequal number of studies done on the fetuses. Thus, each fetus carried equal weight in the final analyses.
We were also interested in evaluating whether changes in blood flow occurred during the onset or cessation of FBM or during changes in ECoG. We were interested in looking at all episodes in which changes occurred, as well as looking at sustained periods (at least 5 min) ofthe presence or absence ofFBM or changes in ECoG. We felt that these more sustained periods of FBM might cause an increase in pulmonary blood flow and thus be an important factor in lung growth. Therefore, we evaluated J) any changes in flow immediately after changes in FBM as well as changes in ECoG and 2) the effect of the onset or cessation of a longer period of FBM by comparing the average mean QLPA for the 2-min period before with the 5-min period after the onset or cessation of FBM or changes in ECoG. This 5-min interval was selected to evaluate only the change in variables occurring around the sustained onset or cessation of FBM. A change in mean QLPA of 10% or more from baseline was arbitrarily considered a "significant" change. Similar analyses of mean QLPA were performed for changes in ECoG.
Values for arterial pH and blood gas tensions were examined for differences between the presence or absence of FBM, and between LV-and HV-ECoG . We also examined phasic pulmonary blood flow for qualitative changes associated with FBM and compared these with changes in phasic systemic and pulmonary blood pressures.
Data were analyzed statistically using repeated measures analysis of variance for comparing all data among the three periods for each fetus (blood flow, heart rate and blood pressure, and arterial blood gases) and x 2 analysis for changes in FBM or ECoG (19) . As noted above, regression analysis was used to compare blood flows over advancing gestational age.
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RESULTS
The clinical data for each fetus are shown in Table I . Although there was a slight tendency in some fetuses for the total mean QLPA to increase as the gestational age advanced (data not shown), this was an inconsistent finding in this study and was not significant, either individually (except in one fetus) or overall by regression analysis (r = 0.004). The mean QLPA for eac~fetus was similar on each study day when corrected for the estimated fetal weight. The total mean QLPA for all fetuses ave~aged 59 ± 8 ml.Zmin and was estimated as 25 ± 4 mL/kg/mIn (mean ± SEM).
Our study found that the presence of FBM.d~d n?t cause an increase in the average mean QLPA and was similar In both the presence and absence of FBM, and during both HV-and LVECoG (Table 2) . FBM were present an average of 40% of the time; the ECoG showed low voltage activity 58% of the time and high voltage activity 42% of the time.
Although the presence or absence of FBM did not affect the average value of mean QLPA, there were significant chan~es in mean QLPA associated with the sustained onset or occasion of FBM. The onset of FBM was associated with an increase in mean QLPA significantly more frequently (~ig. I~Table 3~, and there were also significantly more episodes In which cessation of FBM was also associated with a decrease in mean QLPA' There were also significantly more episodes with a significant decrease in mean QLPA with changes from LV-to H,v-ECoG. Howev~r, there were no significant differences seen In mean QLPA With changes from HV-to LV-W (Table 3 ). In contrast, it appeared that a sustained period of FBM or change in ECoG was required to alter blood flow; that is, when all episodes were considered, for the majority of the episodes no change in blood flow occurred (Table 3) . These alterations in blood flow (both an increase and Total mean Total mean and range Gestational and range of QLPA/kg Number age at OfQLPA (mL/kg/ Fetus of studies study (d) (mL/min) min)
DISCUSSION
The purpose of this study was to test the hypothesis th~t normally occurring intermittent FBM cause associated Intermittent increases in mean blood flow to the lungs. Our study offetal sheep during late gestation showed that the average mean pulmonary blood flow to the left lung did not increase during periods ofFBM. Although we noted an increased incidence o~an incĩ n mean pulmonary blood flow at the onset of sustamee:t penods of FBM and an increased incidence of a decrease In mean pulmonary blood flow at the onset of su.stained~ssation of periods of FBM, these changes we~e of bnef. duratI.on a~d occurred in less than 50% of the episodes. This finding did not persist when all episodes were considered. Therefore, our results indicate that normally occurring intermittent FBM do not have a consistent influence on mean pulmonary blood flow.
In fetal sheep, the left lung composes approximately 40~of the total lung weight (20). Ifwe assume that the left lung receives 40% of total blood flow to the lung, then total pulmonary blood flow in our study would be about 63 mL/kg/min; this value is within the ranges previously reported for pulmonary blood flow a decrease with changes in FBM or ECoG) were seen in seven of the eight fetuses; one fetus had only an increase in mean~PA with the onset of sustained FBM.
The heart rate during HV-ECoG was significantly higher than during periods of LV-ECoG, both with and without FBM ( Table  4) . There were no changes in mean systemic or pulmonary arterial blood pressures during these time periods (Table 4) . Systemic blood pressure was consistently below pulmonary arterial blood pressure.
Fetal arterial pH and blood gas tensions were within normal ranges except for one fetus with a PC02 o~7.6 kPa a~d .a normal pH (7.34 ). This fetus did not have an Increased incidence of FBM (47%) or differences in mean QLPA with FBM and thus was included in the final analysis. The fetal arterial pH and blood gas tensions did not differ between periods of presence or absence ofFBM or between different ECoG states ( Table 4) .
We also examined the effects ofFBM on phasic (beat to beat) pulmonary blood flow. With FBM, each inspiratory effort was associated with a small increase in peak phasic pulmonary blood flow; the expiratory phase was~iated wit~a decrease i!l fl~w (Fig. 2) . This change was not quantifiable and IS only a qualitative assessment of the left pulmonary artery blood flow tracing. The breathing movements were associated with changes in the opposite direction ii.e. a decrease during th~inspiratory ph~a~d an increase during the expiratory phase) In systolic and diastolic blood pressures (both systemic and pulmonary). During periods of no FBM there were no beat to beat changes in peak phasic pulmonary blood flow or in systemic or pulmonary arterial blood pressures.
In each fetus, mean QLPA showed wide variation during each study; the total range was 20-241 mL/min and 7-95 mL/~g/ min (Table I) . Similar ranges were seen for each fetus dunng each study in each of the three periods (data n?t shown). In particular, the period of FBM did not have a. hi~er range of mean QLPA than the other periods. These variations In mean QLPA occurred independent of gestational age, FBM, and ECoG and without changes in arterial pH or blood gas tensions. • Data are mean ± SEM. None of the differences between groups for blood flow were significant by analysis of variance. what occurs during abnormal fetal conditions such as acidosis. Respiratory or metabolic acidosis increases pulmonary blood flow in fetal sheep (13) and stimulates FBM of increased magnitude (10, II, 23). In our study, there were no significant changes in fetal arterial pH or Pco, during FBM, and they remained within normal limits at all times. FBM normally occur only during LV-ECoG, and we considered the possibility that central mechanisms associated with changes in ECoG might influence pulmonary blood flow. However, our data indicate that pulmonary blood flow is similar during both LV-and HV-ECoG. Our results are similar to those of Jensen et al. (21) , who used a radioactive microsphere method to examine the effects of changes in ECoG on distribution of cardiac output in fetal sheep. Although they detected changes in regional brain blood flow, they found no changes in pulmonary blood flow with changes in ECoG. We also did not find a consistent change in pulmonary blood flow associated with changes in ECoG.
With postnatal breathing, pulmonary blood flow increases during the inspiratory phase secondary to the decrease in intrathoracic pressure and the resultant increase in venous return to the chest (14) . Our studies show similar results in utero: during FBM, a small increase in phasic pulmonary blood flow occurs during the inspiratory phase when the intrathroacic pressure falls, and a decrease in pulmonary blood flow occurs during the expiratory phase. These changes are probably due to the effects of alterations in intrathoracic pressure on venous return, which are similar in the fetal lamb and in the postnatal state (24) . However, as noted above, there were no changes in mean pulmonary blood flow during FBM despite these small changes in phasic flow. As previously noted by Fouron et al. (25) , we also found a decrease in systemic arterial blood pressures during the inspiratory phase of FBM; in addition, we documented a similar decrease in pulmonary arterial blood pressures during the inspiratory phase. In this study, mean pulmonary blood pressure was consistently higher than systemic pressure, similar to the finding previously reported by Heymann and Rudolph (26) . It is interesting to note that the onset of FBM did not cause a significant decrease in pulmonary arterial pressure to subsystemic levels, which occurs with the onset of postnatal breathing.
Previous authors (25) have shown increases in heart rate and blood pressure associated with the onset of FBM. In contrast to this, we did not find a difference in heart rate or blood pressure when evaluating the entire period of FBM. Although we also noted occasional tachycardia and hypertension with the onset of FBM, these changes were transient and occurred only during the first few minutes of the periods ofFBM. In our study, periods of FBM occasionally lasted 15 to 30 min. In addition, although the fetal heart rate in our study was higher during HV·ECoG, this did not seem to be related to the absence of FBM, inasmuch as the heart rate during LV-ECoG was similar in the presence and absence of FBM.
The presence of wide variations in mean QLPA was a surprising finding and, to our knowledge, has not been reported previously. These variations were noted in all the fetuses, were unrelated to gestational age, and occurred in the absence of changes in arterial pH and blood gas tensions and independent of the presence or absence of FBM and type of ECoG. It is unlikely that these variations in mean QLPA were artifacts for the following reasons: 1) the variations occurred in all eight fetuses; 2) they were not associated with maternal movements or with fetal movements that could be detected by observation of the maternal abdominal wall; 3) zero flow was checked frequently and showed very little drift; and 4) the flow transducer was sutured firmly in place and was in proper position at postmortem examination of the fetus. Additional studies are required to determine the causes of the fluctuat ion in pulmonary blood flow in the fetus.
We conclude that spontaneously occurring intermittent breathing movements in fetal sheep are not associated with consistent changes in mean pulmonary blood flow; therefore, we '"Changes in flow were considered significant if they were at least 10% different (increased or decreased) from the average mean QLPA on that study day. Sustained episodes of at least 5 min duration and all episodes were considered. For the sustained episodes, there were more episodes during the onset of FBM in which the mean QLPA increased, and more episodes during the cessation ofFBM in which the QLPA decreased . There were also more episodes from LV-ECoG to HV-ECoG in which the flow decreased. For all episodes, there were significantly more episodes in which flow did not change, either during the onset or cessation of FBM or during changes in ECoG. as measured with radioactive microspheres (20, 21) or electromagnetic flow transducers (9) in fetal sheep. Although the flow transducer caused a small constriction of the left pulmonary artery that reduced its cross-sectional area to no less than 90% of normal , it is unlikely that this affected blood flow to that lung. In a previous study in fetal sheep, we showed that narrowing the left pulmonary artery to 25% of its normal cross-sectional area has no effect on blood flow to the left lung (22) . Our results during normal fetal conditions are in contrast to * Data are mean ± SEM. There were no differences between any of the periods for blood pressure, arterial pH, or arterial blood gases. think it is unlikely that FBM stimulate fetal lung growth through changes in pulmonary blood flow. However, FBM do cause small changes in phasic pulmonary blood flow similar to those seen during postnatal breathing.
